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The sub-atomic experimental exploration of physical processes on extremely short time scales
has become possible by the generation of high quality electron bunches and x-ray pulses with sub-
femtosecond durations. Temporal coherence is crucial for achieving high resolution in diffraction-
based diagnostics and if the transverse spatial coherence is also provided, then phenomena with very
small cross sections could also be observed. Increasing the photon energy from x-ray to gamma-ray
regime makes probing of extremely small space-time domains accessible. Here, a mechanism for
generating attosecond gamma photon and positron bunches with small divergence using laser inten-
sities below 1023 W/cm2 is proposed. Numerical simulations are used to formulate the conditions
for coherent radiation and to characterize the generated photon and positron bunches.
The generation of short wavelength radiation on the
surface of flat metallic foils irradiated by intense laser
pulses is one of the fundamental research areas in plasma
physics of the 21th century. The surface high harmonic
generation (SHHG) technique is based on the laser-driven
relativistic motion of radiating electrons oscillating near
the laser-plasma interface [1–4]. In the case of a close-
to-normal incidence, a thin layer of electrons, originating
from the plasma skin-depth, oscillates with relativistic
velocity due to the ponderomotive force of the incident
laser pulse hence this mechanism is often referred to as
the relativistic oscillating mirror (ROM). Numerical sim-
ulations have shown that at larger incidence angles, elec-
trons can leave the plasma surface and are compressed
into nano-bunches, which emit coherent synchrotron ra-
diation [5–8]. The maximum energy of photons emitted
in these processes is usually at the level of few 100 eV,
which corresponds to a wavelength still above the cell size
of the grid used in high resolution simulations. Increasing
the intensity of laser pulses results in the wavelength of
emitted radiation becoming too short for a classical nu-
merical treatment and, thus, a quantized photon emission
has to be considered [9, 10]. This extension of the kinetic
simulations becomes important when the laser intensity
exceeds IL > 10
22 W/cm2.
This work uses the EPOCH particle-in-cell code [11]
which incorporates the Monte-Carlo algorithms, respon-
sible for sampling the quantum-synchrotron spectrum,
and the radiation reaction force in each time step [12, 13].
The probability of photon emission depends on the pa-
rameter η = γE⊥/Ecrit, where γ is the Lorentz factor
of electrons, E⊥ is the electric field perpendicular to
the electrons momentum and Ecrit ≈ 1.3 × 10
18 V/m
is the Schwinger field limit. The Breit-Wheeler process
is implemented for electron-positron pair creation which
occurs as the gamma photons propagate in the laser
field. The probability of photon decay is governed by the
quantum parameter χ = (E⊥/Ecrit)ǫph/(2mec
2), where
ǫph = hν is the photon energy. Pair creation becomes sig-
nificant for χ > 0.1 and in these simulations E⊥/Ecrit ≈
10−3 which means that photons with energy greater than
∼100 MeV will contribute to pair creation. According
to ponderomotive scaling[14] ǫe = (
√
1 + a20/2− 1)mec
2,
where a0 = eEL/meω0c is the normalized laser field am-
plitude with ω0 the laser frequency, the average electron
energy achieved during laser-solid interaction is about
100 MeV for an intensity of IL = 10
23 W/cm2. This is
not enough for emission of photons with ǫph > 100 MeV.
a) b)
FIG. 1. Laser electric field (P-polarized) (a) and electron
density distribution (b) at the beginning of the interaction
(t = 24 fs). The laser spot diameter is 2µm.
Electron acceleration can be significantly enhanced by
using nanorod array targets [15, 16], which in turn results
in higher photon energies. So far, only incoherent radi-
ation has been considered [17, 18] which is a consequent
of the chaotic motion of electrons between the closely
placed nanorods. At very high intensities, even in the
case of plane targets, only incoherent radiation has been
discussed [10, 19]. Here, we show that a suitable large
separation (Dsp) between nanorods allows the formation
of attosecond electron bunches at every half cycle of the
laser field, resulting in the coherent emission of gamma
photons in attosecond bunches.
2FIG. 2. The color scale shows the background electric field. Electrons with energy higher than 100 MeV are shown by black
dots, while photons with ǫph > 200 MeV are shown in (a), (b) and with ǫph > 300 MeV in (c) by red dots.
This works builds on previous works [17] [20] and
analyses the interaction of intense laser pulses (1022
W/cm2 < IL < 10
23 W/cm2) with array of nanorods
at solid density including the above mentioned QED ef-
fects. The laser pulses considered have a FWHM du-
ration of 15 fs while the density of nanorods is 200ncr,
where ncr = ω
2
0meǫ0/e
2 is the critical density, with a di-
ameter and length of 200 nm and 10 µm, respectively. A
thin foil (0.5 µm thick overdense plasma slab) is placed
at the end of the nanorods, which will reflect the laser
pulse. The separation distance between nanorods is an
important parameter because it defines the photon emis-
sion triggered by the accelerated electrons in the vacuum
region i.e., the space between nanorods [18, 21, 22]. Since
the aim of this work to produce intense gamma photon
bunches with sub-femtosecond duration, the coherency
of accelerated electrons and of the subsequent radiation
has to be preserved. This is achieved by choosing a sep-
aration distance larger than the electron excursion ra-
dius, Dsp ≫ re ≈ eEL/(γmeω
2
0) < λL and thus avoiding
the early crossing of fast electrons with the neighboring
nanorods. In these simulations Dsp is taken to be equal
to the laser spot radius, which ensures unperturbed ac-
celeration of electrons. Due to the large vacuum region,
the electrons have enough time to reach GeV energy, with
only a small fraction reaching the neighboring nanorod.
The emitted gamma photons interact with the counter-
propagating fields of the reflected pulse and a number
decay into e−, e+ pairs.
A snapshot from the beginning of the simulation is
presented in Fig. 1 which shows the laser electric field
and the electron density distributions. The simulation
domain is represented by 4000 × 1000 grid points. The
peak intensity of the Gaussian laser pulse is IL = 6×10
22
W/cm2. Electron nano-bunches are extracted from the
thin overdense rod at each half laser cycle, when the pon-
deromotive force pushes the electrons forward but con-
secutive electron bunches are below and above a single
nanorod, as also shown in Ref. [20]. At the beginning
of the interaction, the electron bunches emit EM radia-
tion in the classical limit in a spectral range which can
be resolved by the numerical grid used here. Due to the
short duration of the bunches, the radiation is coherent
and attopulses are produced propagating with a spher-
ical pattern as shown in the upper picture of Fig. 1.
The spherical propagation is the result of a diffraction
effect as the tip of the nanorod behaves as a secondary
point-like light source according to the Huygens-Fresnel
principle. Later, the extracted electrons are further ac-
celerated in the laser field between the nanorods (vacuum
region) and emit photons with shorter wavelength which
is unresolved by the grid. In this phase of the interac-
tion, the QED modules start to play a role which include
the emission of gamma photons and their recoil effect on
the emitting electron. At this intensity the recoil effect
is relatively small and the coherence of further emitted
photons is preserved.
a)
FIG. 3. (a) Zoom on the electron density (color scale) at
t = 48 fs and photons are shown with red dots (ǫph > 400
MeV). (b) Angular-energy distribution of all photons at the
same time instance.
Fig. 2 shows the distributions of energetic electrons
and gamma photons. Thin nano-layer of electrons are
formed near the positions where the ponderomotive force
is maximal (ξ0, which corresponds to the phase π/4 of
the laser wave) and propagate together with these nodes
with velocity close to the phase velocity. Very often
the high electron energy observed in such targets is at-
tributed to the betatron resonance between the laser field
and electron oscillation around the nanorods (or nano-
wires) [23, 24]. The large Dsp considered here means
that the static self-fields of nanorods are negligible and
can be omitted in the vacuum region. The electrons co-
propagate with the laser field and thus experience a con-
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FIG. 4. (a) Evolution of photon density along the line y = 0. At later time beside the primary peaks also secondary peaks
appear. (b) Positron density along the y = 0 axis. (c) Longitudinal momentum spectrum of positrons and their angular
distribution shown in the inset.
stant accelerating force.
During the laser propagation, the electrons are also ac-
celerated in transverse direction and eventually reach the
neighbor nanorod. This transversal velocity component
means that the electrons in x direction are slower than
the laser wave (their velocity is smaller than the phase
velocity) and fall behind the original position where they
have been extracted from (in the moving frame of the
laser pulse). In this way, electrons propagating farther
away from the nanorod enter the region where the pon-
deromotive force has opposite sign and they get deceler-
ated. A single electron bunch extracted by the negative
electric field (blue), shown in Fig. 2, moves upwards and
at some distance the ponderomotive force changes its sign
and slows it down. These electrons start to lose energy
up to the point when they reach the laser phase where
the ponderomotive force is positive again and are subse-
quently re-accelerated in the forward direction. However,
the electric field now has the opposite sign. In Fig. 2a,
the energetic photons are emitted by the electrons which
already reach and cross the neighbor nanorod. The op-
posite sign of the electric field means that the change
in transversal momentum is large which results in more
intense radiation, i.e. more photons. The electrons prop-
agating between the nanorods in the vacuum region have
large longitudinal momentum and are continuously accel-
erated. These electrons are basically the same as those
presented in Ref. [20] and emit large amount of photons
when the pulse gets reflected from the plasma slab. The
population of high energy photons (> 300 MeV) finally
will be higher between the nanorods in the high field re-
gion, as it is shown in Fig. 2c and in Fig. 3a.
As the pulse propagates between the nanorods, more
electrons reach the neighboring rod and will eventually
turn back. This is clearly visible in Fig. 3a. These
electrons are also well compressed by the positive pon-
deromotive force and emit photons in the form of short
bunches. However, their energy and coherency is lower
than photons emitted between nanorods because of the
intermediate deceleration experienced during the turn-
ing back. The divergence of high energy photons is very
small, as shown in Fig. 3b.
The evolution of gamma photon atto-bunches is pre-
sented in Fig. 4a. Initially very short (< 100 nm)
bunches of photons are generated near the laser prop-
agation axis, but later the photons emitted by the re-
turned electrons also appear, which can be recognized
from the secondary peaks of the blue line in Fig. 4a.
The high energy photons can decay to electron-positron
pairs by interacting with the reflected field. The density
of positrons along the axis is shown in Fig. 4b which con-
firms that using a single laser pulse and a nanorod array
target positron attobunches can be produced similar to
those reported in Ref. [20]. In this case, approximately
0.1 % of the energetic photons is converted into matter.
Such a positron yield can not be achieved with a simple
flat foil target at this laser intensity. In this interaction,
after reflection from the flat foil, about 90 % of laser en-
ergy is absorbed and 60 % of the absorbed energy is trans-
ferred to the ions via Coulomb explosion. At t = 56 fs,
37 % of the energy is in the plasma electrons and the rest
is in photons and pairs. The resulting energy conversion
efficiency from laser pulse to photons is about 3 % and
to positrons is ∼ 3×10−5. Fig. 4c shows the momentum
distribution of the generated positrons and in the inset
angular distribution is shown. The maximum energy is
close to 1 GeV and the positrons are well collimated in a
narrow cone angle of ∼ 10 degrees, as expected from the
small divergence of the decaying photons.
The statistical properties of photons are further ana-
lyzed in Fig. 5a, where the standard deviation of pho-
ton positions is calculated. This can be interpreted as
a bunching factor characterizing the spatial distribution
of emitted photons: σx =
√
Σ(xi− < x >)2/N , where
xi is the position of individual photons and N is their
total number in one bunch. This value is calculated for
several bunches and the average is plotted as a function
of energy. Similarly the root mean square angle (θRMS ,
where θ = arctan
py
px
) is also calculated in each energy
bin of the spectrum. Both values decrease with increas-
4a) b)
FIG. 5. (a) Bunching factor (in units of 0.1 µm, full lines)
and RMS angle (in radian, dashed lines) of photons versus
energy at different time instances. (b) The same as in (a),
but for different laser intensities at the given time instance.
ing photon energy, which means that the more energetic
gamma photons are more collimated and have greater co-
herency. The photon bunch length, after filtering out the
low energy photons, is on the order of 10 nm and their
angular spread is about 6◦.
The nano-bunching of electrons is limited by the grid
size used in the simulation because of numerical disper-
sion effects. We have found that with this grid resolution
the result converges, but in the case of higher laser in-
tensities, where the stronger ponderomotive compression
would result in even thinner and denser electron bunches,
smaller grid cells are necessary. By using the same grid
resolution the photon coherency should remain the same
or higher when higher laser intensity is applied. How-
ever, Fig. 5b shows that this is not the case and the
higher intensity results in wider and less coherent pho-
ton bunch. This could be attributed to the radiation
reaction effect, where the electrons lose momentum and
energy after each emission of a single photon. The recoil
effect manifests itself also in the larger angular spread
and in the similar cut-off energy for two intensity vales.
Despite the stronger fields, the electrons can not gain
much higher energy due to more frequent photon emis-
sion which takes away energy.
The continuous acceleration of electrons means that
the emitted radiation power scales strongly with the
length of nanorods (Lr) [17]. The photon energy ob-
tained using shorter rods and higher intensity can be
reproduced using longer nanorods and lower laser inten-
sity. However, coherence is not guaranteed over a longer
propagation distance and in practice nanorods with such
length (> 10µm) are difficult to produce. Instead a stack
of nano-plates is more appropriate to consider or a single
slit or hole on an over-dense target could be also used
[7, 25]. The 2D geometry used here does not allow elec-
trons to bypass the nanorods and they always cross them,
which is not completely realistic. Therefore the simula-
tions presented here describe more realistically the inter-
action of P-polarized laser pulses with micro-gaps which
are separated by∼ 100 nm thick walls and provide insight
into the electron dynamics during the laser propagation.
A full 3D simulation would show us lower efficiency in
number of emitted photons and the divergence in the z
direction would be also revealed.
In conclusion, it has been shown that attosecond
physics is not limited to photon energy around 100 eV
but can be extended to the area of quantum electro-
dynamics where attopulses consisting of gamma photons
of energy above 100 MeV are generated. Numerical sim-
ulations have confirmed that very short electron bunches
can be accelerated to GeV energies by using nanorod
array targets and laser intensities below 1023 W/cm2.
These bunches emit gamma photons with the similar spa-
tial distribution. At higher intensity, the emission is less
coherent due to the radiation reaction effect. The length
of the generated photon bunches is below 100 nm and
propagates with < 10 degrees divergence. These unique
photon bunches can be used in diagnostics of high en-
ergy density matter or in nuclear physics experiments.
We have also shown that by allowing the collision of the
gamma photons with the same laser pulse reflected from
a flat foil results in the creation of attosecond positron
bunches.
The ELI-ALPS project (GOP-1.1.1.-12/B-2012-0001,
GINOP-2.3.6-15-2015-00001) is supported by the Euro-
pean Union and co-financed by the European Regional
Development Fund.
∗ zsolt.lecz@eli-alps.hu
[1] R. Lichters, J. MeyerterVehn, and A. Pukhov, Physics
of Plasmas 3 (1996).
[2] T. Baeva, S. Gordienko, and A. Pukhov,
Phys. Rev. E 74, 046404 (2006).
[3] J. M. Mikhailova, M. V. Fedorov, N. Karpowicz, P. Gib-
bon, V. T. Platonenko, A. M. Zheltikov, and F. Krausz,
Phys. Rev. Lett. 109, 245005 (2012).
[4] F. Que´re´, C. Thaury, H. George, J. P. Geindre,
E. Lefebvre, G. Bonnaud, P. Monot, and P. Martin,
Plasma Physics and Controlled Fusion 50, 124007 (2008).
[5] A. Andreev and K. Platonov,
Optics and Spectroscopy 114, 788 (2013).
[6] D. an der Brgge and A. Pukhov,
Physics of Plasmas 17, 033110 (2010).
[7] N. Naumova, I. Sokolov, J. Nees, A. Mak-
simchuk, V. Yanovsky, and G. Mourou,
Phys. Rev. Lett. 93, 195003 (2004).
[8] Z. Le´cz and A. Andreev,
Phys. Rev. E 93, 013207 (2016).
[9] A. Gonoskov, S. Bastrakov, E. Efimenko,
A. Ilderton, M. Marklund, I. Meyerov, A. Mu-
raviev, A. Sergeev, I. Surmin, and E. Wallin,
Phys. Rev. E 92, 023305 (2015).
[10] C. P. Ridgers, C. S. Brady, R. Duclous, J. G. Kirk,
K. Bennett, T. D. Arber, A. P. L. Robinson, and A. R.
Bell, Phys. Rev. Lett. 108, 165006 (2012).
[11] T. D. Arber, K. Bennett, C. S. Brady, A. Lawrence-
Douglas, M. G. Ramsay, N. J. Sircombe, P. Gillies,
5R. G. Evans, H. Schmitz, A. R. Bell, and C. P. Ridgers,
Plasma Physics and Controlled Fusion 57, 113001 (2015).
[12] R. Duclous, J. G. Kirk, and A. R. Bell,
Plasma Physics and Controlled Fusion 53, 015009 (2011).
[13] J. G. Kirk, A. R. Bell, and I. Arka,
Plasma Physics and Controlled Fusion 51, 085008 (2009).
[14] W. L. Kruer and K. Estabrook,
The Physics of Fluids 28, 430 (1985),
https://aip.scitation.org/doi/pdf/10.1063/1.865171.
[15] S. Jiang, L. L. Ji, H. Audesirk, K. M. George, J. Sny-
der, A. Krygier, P. Poole, C. Willis, R. Daskalova,
E. Chowdhury, N. S. Lewis, D. W. Schumacher,
A. Pukhov, R. R. Freeman, and K. U. Akli,
Phys. Rev. Lett. 116, 085002 (2016).
[16] A. A. Andreev and K. Y. Platonov, JETP Letters 98,
790 (2014).
[17] Z. Le´cz and A. Andreev,
Physics of Plasmas 24, 033113 (2017),
https://doi.org/10.1063/1.4978573.
[18] B. Martinez, E. dHumires, and L. Gremillet,
Plasma Physics and Controlled Fusion 60, 074009 (2018).
[19] H. X. Chang, B. Qiao, Y. X. Zhang, Z. Xu,
W. P. Yao, C. T. Zhou, and X. T.
He, Physics of Plasmas 24, 043111 (2017),
https://doi.org/10.1063/1.4981213.
[20] H.-Z. Li, T.-P. Yu, L.-X. Hu, Y. Yin, D.-B. Zou,
J.-X. Liu, W.-Q. Wang, S. Hu, and F.-Q. Shao,
Opt. Express 25, 21583 (2017).
[21] A. A. Andreev and K. Y. Platonov,
Quantum Electronics 46, 109 (2016).
[22] G. Cristoforetti, P. Londrillo, P. K. Singh, F. Baf-
figi, G. DArrigo, A. D. Lad, R. G. Milazzo, A. Adak,
M. Shaikh, D. Sarkar, G. Chatterjee, J. Jha, M. Kr-
ishnamurthy, G. R. Kumar, and L. A. Gizzi,
Scientific Reports 7, 2045 (2017).
[23] A. Pukhov, Z.-M. Sheng, and J. Meyer-
ter Vehn, Physics of Plasmas 6, 2847 (1999),
https://doi.org/10.1063/1.873242.
[24] T.-P. Yu, A. Pukhov, Z.-M. Sheng, F. Liu, and G. Shvets,
Phys. Rev. Lett. 110, 045001 (2013).
[25] N. Zhavoronkov, A. Andreev, and K. Platonov,
Laser and Particle Beams 31, 635642 (2013).
